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Aminoglycoside-driven 
biosynthesis of selenium-deficient 
Selenoprotein P
Kostja Renko1, Janine Martitz1, Sandra Hybsier1, Bjoern Heynisch1, Linn Voss1, Robert A. 
Everley2, Steven P. Gygi2, Mette Stoedter1, Monika Wisniewska1, Josef Köhrle1, Vadim N. 
Gladyshev3 & Lutz Schomburg  1
Selenoprotein biosynthesis relies on the co-translational insertion of selenocysteine in response to UGA 
codons. Aminoglycoside antibiotics interfere with ribosomal function and may cause codon misreading. 
We hypothesized that biosynthesis of the selenium (Se) transporter selenoprotein P (SELENOP) is 
particularly sensitive to antibiotics due to its ten in frame UGA codons. As liver regulates Se metabolism, 
we tested the aminoglycosides G418 and gentamicin in hepatoma cell lines (HepG2, Hep3B and Hepa1-
6) and in experimental mice. In vitro, SELENOP levels increased strongly in response to G418, whereas 
expression of the glutathione peroxidases GPX1 and GPX2 was marginally affected. Se content of G418-
induced SELENOP was dependent on Se availability, and was completely suppressed by G418 under 
Se-poor conditions. Selenocysteine residues were replaced mainly by cysteine, tryptophan and arginine 
in a codon-specific manner. Interestingly, in young healthy mice, antibiotic treatment failed to affect 
Selenop biosynthesis to a detectable degree. These findings suggest that the interfering activity of 
aminoglycosides on selenoprotein biosynthesis can be severe, but depend on the Se status, and other 
parameters likely including age and general health. Focused analyses with aminoglycoside-treated 
patients are needed next to evaluate a possible interference of selenoprotein biosynthesis by the 
antibiotics and elucidate potential side effects.
Aminoglycoside (AG) antibiotics interact mainly with the small ribosomal subunit of prokaryotes, and to a lesser 
extent of eukaryotes, resulting in errors in amino acid insertion during protein biosynthesis1. Although AGs are 
rapidly excreted via the kidney, they may exert toxic side effects in patients and potentially contribute to oto- and 
nephrotoxicity2. Due to these risks, their application is limited in the clinics to local applications or serious sys-
temic infections such as severe neonatal sepsis3. In veterinarian medicine, AGs are more widespread in use and 
even applied as a prophylactic treatment4.
AGs mainly affect the function of the prokaryotic 30S ribosomal subunit where they impair the proofreading 
activity during translation5. The increased error rate causes insertion of wrong amino acids into the growing pep-
tide chain or may even result in premature termination of biosynthesis, eventually leading to non-functional pro-
teins. Similarly, AGs also affect the eukaryotic 40S ribosomal subunit and may cause misreading of stop codons, 
thereby promoting extended translation products or suppressing premature stop codons (non-sense mutations). 
Accordingly, AG-induced stop codon read-through is explored as an adjuvant treatment option in specific inher-
ited diseases, e.g., in the suppression of premature stop codon mutations in the CFTR or DMD gene in patients 
suffering from cystic fibrosis or Duchenne muscular dystrophy6, 7. This line of research receives increasing atten-
tion in recent years, as 10–12% of genetic diseases seem to result from in-frame nonsense mutations8, 9.
The opal-codon UGA has been identified as most sensitive with respect to the suppressing effects of AGs10. 
Importantly, UGA has dual functions and depending on context, it specifies stop or the insertion of the 21st pro-
teinogenic amino acid selenocysteine (Sec) into selenoproteins. A complex biosynthesis machinery is necessary 
for this decoding step, involving the UGA codon, a selenoprotein-specific tRNA, the Sec-specific elongation 
factor eEFSEC and a specific stem loop structure within the 3′-untranslated region of the mRNA, the so-called 
Sec-insertion sequence (SECIS) element. The 25 genes encoding selenoproteins in humans comprise a number 
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of well-characterized and essential enzymes, including the members of the glutathione peroxidase (GPX), thiore-
doxin reductase (TXNRD) and iodothyronine deiodinase (DIO) families11.
A seminal study has indicated that the AG geneticin (G418) interferes with GPX1 biosynthesis in COS7 cells12. 
Subsequent studies provided the first comparative data on different AGs affecting the expression of individual 
selenoproteins in a gene-specific manner13. The net effect of AGs on selenoprotein biosynthesis appears to depend 
on a set of parameters, including the nature of the SECIS-element, the opal-codon context (UGAN) and the 
actual selenium (Se) status of the cell14. In contrast to the other selenoprotein transcripts containing a single 
UGA codon, the open reading frame encoding the liver-derived Se-transporter selenoprotein P (SELENOP) 
contains ten UGA codons, and thus allows co-translational incorporation of up to ten Sec residues per SELENOP 
molecule. Moreover, the transcript harbors two separate SECIS-elements differing in their efficiency of UGA 
recoding15.
Regular SELENOP biosynthesis appears of high physiological importance for development, growth and Se 
metabolism, as gene knockout studies in mice indicated a number of phenotypes resulting from Selenop defi-
ciency16, 17. In general, SELENOP is a reliable biomarker of Se status, correlating over a wide range with the 
Se intake in healthy humans18. In vitro, the expression of SELENOP is negatively affected by hypoxia19 and 
pro-inflammatory cytokines20, and an intracellular re-distribution of newly-synthesized SELENOP in response 
to ER stress has been reported21, 22. In animals and humans, it qualifies as a negative acute phase reactant23–25. All 
of these adverse conditions coincide in severe sepsis, where AGs are applied under pro-inflammatory conditions, 
potentially contributing to a strong and health-relevant suppression of SELENOP biosynthesis and interruption 
of SELENOP-dependent Se-transport to target organs. For these reasons, we decided to study its biosynthesis and 
sensitivity to AGs in more detail. SELENOP proved to be a most sensitive target of the disrupting effects of AGs, 
causing biosynthesis of Se-poor SELENOP variants in hepatocytes in culture. The nature of the Sec-replacing 
amino acids was not uniform but UGA codon-specific. The resulting Se-poor SELENOP variants may constitute 
inactive Se-transporters likely interfering with regular Se metabolism and target organ Se supply, especially in Se 
deficient subjects.
Results
Effects of aminoglycosides on hepatocyte-derived SELENOP. Se-depleted HepG2 cells were incu-
bated with G418 or gentamicin; cells supplemented with 100 nM Na2SeO3 served as control (Fig. 1A). SELENOP 
secreted by G418-treated cells (10 or 50 µg/ml) was found in the medium in almost equal amounts as compared 
to that secreted by cells supplemented with selenite. In comparison, the intracellular levels of GPX1 and GPX2 
were only slightly different between these conditions. The effect of gentamicin on SELENOP expression was less 
pronounced, but still detectable and showed a dose-dependency in HepG2 cells (Fig. 1B). The strong effect of 
G418 was qualitatively reproducible with human hepatoma Hep3B cells (Fig. 1C), and similarly detectable in 
the murine cell line Hepa1-6 (Fig. 1D). The characteristic pattern of immuno-reactive SELENOP-isoforms was 
unaffected by the AG-treatment as judged by Western blot analyses.
The AG-dependent increase in SELENOP expression was verified by quantitative ELISA analysis. 
G418-induced SELENOP production differed under Se-deficient and Se-supplemented conditions (Fig. 2). In 
these experiments, the effects of gentamicin were not significant while G418 effects were strong. Next, the effects 
of AG treatment on gene expression were analyzed. DNA damage-inducible transcript 3 (DDIT3) was chosen 
as positive control26, and increased dose-dependently in response to G418 or gentamicin treatment (Fig. 3A). 
Similarly, dose-dependent elevated transcript levels of GPX1, GPX2 and SELENOP were detected in response to 
G418 treatment (Fig. 3B–D).
Se-content of AG-induced SELENOP. As there were no indications of truncated SELENOP variants by 
Western blot analysis, the relative Se content of AG-induced SELENOP was determined. HepG2 cells were sup-
plemented with 100 nM selenite and subjected to SELENOP-specific IP as positive control. The protocol effi-
ciently removed SELENOP and all protein-associated Se from the samples (Fig. 4A). This indicates that no other 
major Se-containing protein besides SELENOP was present in the conditioned media. Next, HepG2 cells were 
treated with selenite, G418 or G418 in combination with increasing selenite concentrations. Se-content of Se- and 
G418-induced SELENOP differed considerably (Fig. 4B–C). Supplemental selenite induced SELENOP, and addi-
tion of G418 led to a further increase in secreted SELENOP concentrations (Fig. 4B). In the absence of supplemen-
tal Se, the G418-induced SELENOP was not containing detectable amounts of Se, i.e., G418 led to biosynthesis 
of Se-free SELENOP variants (Fig. 4C). Supplemental selenite increased the net biosynthesis of G418-induced 
SELENOP in a dose-dependent manner and increased the relative Se content per secreted SELENOP molecule 
gradually (Fig. 4D). These results indicate an additive effect of G418 and selenite on SELENOP biosynthesis, 
with selenite increasing the Se content of SELENOP, whereas G418 increased the fraction of Se-poor SELENOP 
variants.
Characterization of the amino acids replacing Sec during AG treatment. In order to better char-
acterize the molecular effects of AGs on SELENOP biosynthesis, purified protein was analyzed by LC-MS/
MS. SELENOP was isolated by IP from HepG2 cells treated with 100 nM Na2SeO3, 200 µg/mL G418 or their 
combination. The amino acids inserted at three central UGA positions (SEC3, SEC4 and SEC5) were identified 
(Fig. 5). SELENOP secreted from cells supplemented with selenite carried almost exclusively the expected Sec 
at these positions (Fig. 5A). In contrast, supplemental G418 caused mis-incorporation at UGA codons, occa-
sionally inserting cysteine (C) instead of the Sec (U) at position SEC5 (Fig. 5B). The ratio of incorrectly inserted 
residues at positions SEC3 and SEC4 was higher than at SEC5, and cysteine (C), tryptophan (W) and Sec (U) 
were detected at position SEC3 in almost stoichiometric amounts. The AG-induced mis-incorporation under 
Se-deficient conditions was almost complete at all three UGA positions. The incorrectly inserted residues showed 
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Figure 1. In vitro effects of G418 and gentamicin on selenoprotein biosynthesis. (A) HepG2 cells were 
incubated for 48 h in FCS-free medium with supplemental selenite (100 nM), G418 or gentamicin. Western 
blot analysis indicates increased secreted SELENOP protein levels in response to selenite and G418 treatment. 
Intracellular protein levels of selenoenzymes GPX1 and GPX2 were marginally affected. (B) The effect of 
gentamicin was verified in a dose-dependent analysis. (C) The effects of G418 on SELENOP secretion were 
replicated in human Hep3B, and (D) murine Hepa1-6 hepatocytes.
Figure 2. Interplay between AG and supplemental selenite on SELENOP concentrations. HepG2 cells 
were incubated for 48 h in the presence of G418 or gentamicin with or without supplemental selenite 
(100 nM). Secreted SELENOP (SEPP1) was quantified by ELISA analyses. G418 strongly induced SELENOP 
concentrations in the conditioned medium, whereas gentamicin showed no effect. The effect of G418 was 
augmented by supplemental selenite. (Mean ± SEM, n = 6, ANOVA followed by Dunnett’s).
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some codon-specific features, with SEC3 and SEC4 showing a predominance of tryptophan (W), while cysteine 
(C) and arginine (R) dominated at the SEC5 position (Fig. 5).
Effects of G418 and gentamicin in vivo. Wild-type C57BL/6 J mice were chosen to test whether these 
rodents constitute a suitable model system for testing the consequences of the AG-induced misreading of UGA 
codons in selenoprotein expression in living organisms. The applicability of murine cells was supported by the 
results obtained before with the murine hepatocytes in culture (Fig. 1D). The animals were raised on a Se-defined 
diet for three weeks, then received supplemental selenite via the drinking water or not, and were injected twice 
with relatively high amounts of G418, gentamicin or the respective solvent, as described27. Efficiency of AG treat-
ment was verified by quantifying renal Ddit3 mRNA expression, which increased strongly in response to the 
G418-treatment (Fig. 6A). In comparison, there were no significant effects of G418 on hepatic Ddit3 transcript 
concentrations. No effect of the injected AG on circulating Selenop or Gpx3 protein concentrations was evident 
by Western blot analyses (Fig. 6B). Serum Se concentrations were higher in the selenite-supplemented group, 
but no effects of the injected AG on serum Se were detectable (Fig. 6C). The same applies to the fraction of 
protein-bound Se in serum, which was higher in the selenite-supplemented mice than in Se-deprived mice, but 
remained unaffected by the AG treatment under the experimental conditions chosen (Fig. 6D).
Discussion
The physiological transport of the essential trace element Se in the circulation depends on liver-derived 
SELENOP, which can be taken up by target cells in a receptor-dependent manner18. The use of transgenic mouse 
models revealed that many physiological processes, e.g. growth, immune function, brain development, male fer-
tility, etc., depend on regular selenoprotein expression28. Analyses of inherited defects in humans support this 
notion, and show that brain, bone, the endocrine and immune responses, along with muscle and skin, are systems 
depending on selenoprotein function and being sensitive to impaired Se supply and disrupted selenoprotein 
expression29. For these reasons, any significant disturbance in selenoprotein expression needs to be considered as 
potentially harmful, no matter whether it is due to inborn errors of metabolism, nutritional deficits or side effects 
of pharmacological interventions.
In previous studies, AGs have been identified as potential disrupters of regular selenoprotein expression in 
vitro, based on the analyses of GPX112, GPX4 or TXNRD113. The consequences may be dramatic, as GPX4 and 
Figure 3. Effects of AG treatment on selenoprotein transcript levels. HepG2 cells were treated with G418, 
gentamicin or Se for 48 h and mRNA expression was determined by qRT-PCR using 18 S rRNA as reference. 
(A) DDIT3 served as control gene for AG effects, and transcript levels increased in response to AG treatment 
in a dose-dependent manner. (B–C) Supplemental selenite and G418 increased SELENOP (SEPP1) and GPX1 
transcript levels. (D) Supplemental selenite or gentamicin had no effect on GPX2 transcript levels, whereas 
G418 showed a moderate effect. (Mean ± SEM, n = 4, ANOVA followed by Dunnett’s).
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Figure 4. Se-content of SELENOP in relation to G418 and supplemental selenite. (A) The protein fraction of 
conditioned media from HepG2 cells was immobilized on a nitrocellulose membrane before and after immuno-
precipitation of SELENOP (SEPP -IP). The SELENOP-IP procedure efficiently removed SELENOP (SEPP1), 
and with it all the detectable Se from the culture medium. (B) Supplemental selenite and G418 increased 
immuno-detectable SELENOP (SEPP1). (C) Se content of SELENOP preparations varied strongly between the 
different incubation conditions. (D) A comparison of the Se/SELENOP (Se/SEPP1) ratio indicates that G418 
induces Sec-free SELENOP variants, whereas selenite increased the Se content of SELENOP in the presence of 
G418. (Mean ± SEM, n = 3).
Figure 5. Amino acid insertion at UGA codons SEC3, SEC4 and SEC5 in SELENOP. HepG2 cells were treated 
with 100 nM Se, 200 µg/mL G418 or their combination. SELENOP was purified by immuno-affinity and 
subjected to LC-MS/MS analysis. (A) Sec in SELENOP was detected almost exclusively at the positions SEC3, 
SEC4 and SEC5 when cells were supplemented with selenite. (B) The pattern of amino acids inserted at the three 
Sec codons varied strongly when cells were grown in the presence of 100 nM selenite and 200 µg/mL G418. (C) 
SELENOP synthesized in the absence of supplemental selenite but in presence of 200 µg/mL G418 was devoid 
of Sec residues at the three positions available for analysis (SEC3-5). The amino acids replacing Sec were mainly 
tryptophan (W), cysteine (C) and arginine (R), but their relative proportions were Sec-codon specific.
www.nature.com/scientificreports/
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TXNRD1 are essential for life30. However, due to the hierarchical principles of selenoprotein biosynthesis, both 
enzymes become preferentially supplied with Se under conditions of Se deficiency31. Accordingly, they may not 
represent the most sensitive targets of AG-induced Sec insertion interference. In comparison, SELENOP is nei-
ther essential nor preferentially supplied with Se. Moreover, its transcript carries 10 in frame UGA codons, poten-
tially rendering it particularly prone to AG-induced translational errors. This hypothesis was tested and verified 
in this study. SELENOP biosynthesis was strongly affected in all hepatic cell lines tested, and the effects were 
dose-dependent. The Se content of the AG-induced SELENOP variants correlated to the basal Se supply, i.e., 
supplemental Se was capable of competing with the disrupting effects of AG. This finding is of clinical relevance 
when considering adjuvant supplementation as therapeutic option for counteracting the disrupting AG effects. 
Surprisingly, the spectrum of amino acids replacing Sec was codon-specific. However, the strong AG-dependent 
effects on selenoprotein biosynthesis were not replicated in an animal model of young and healthy mice fed 
Se-deficient or Se-sufficient diets, indicating that this rodent model may not constitute a good choice for charac-
terizing these interactions in vivo.
At first sight, it is difficult to reconcile these seemingly contradictory findings from the in vitro and in vivo 
experiments. The effects in cell lines were consistent and in line with previous reports on the disrupting activ-
ities of AG on selenoprotein expression, especially with respect to G418 as a most potent aminoglycoside12, 13. 
Hepatocytes qualify as a relevant and suitable model, as the effects can reliably be monitored from the analyses 
Figure 6. Effects of AG treatment on selenoprotein expression in mice. Mice fed Se-deficient or Se-sufficient 
diets were treated with G418 or gentamicin. (A) Ddit3 was analyzed as an AG-responsive gene in kidney and 
liver, and significantly increased Ddit3 mRNA concentrations were observed in kidney upon G418 injection 
(ANOVA followed by Dunnett’s). (B) Western blot analyses of Gpx3 and Selenop showed no differences in 
expression levels in response to G418 or gentamicin in Se-treated or Se-deficient mice. (C) Se concentrations 
were higher in the selenite-supplemented mice than in mice raised on a Se-deficient diet. No effect of AG 
treatment on serum Se was detectable. (D) Se concentrations of precipitated protein from serum were higher in 
Se supplemented than in Se-deficient mice. Differences between the AG treatment groups were not detectable. 
(Mean ± SEM, n = 7).
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of secreted SELENOP, facilitating the molecular analyses as SELENOP was abundant and constitutes the sole 
Se-containing protein in the conditioned media. Accordingly, a direct competition between G418 and selenite 
for supporting Sec-insertion into SELENOP became evident, reminiscent of the effects of thiophosphate supple-
mentation on the balance of Cys versus Sec insertion into the selenoenzyme TXNRD132. A relevance of such a 
competition at the UGA codons for Sec insertion in living subjects was recently demonstrated by showing that 
8% of the position encoded by UGA3 in SELENOP isolated from a human plasma pool was occupied by Cys 
instead of Sec33. It is thus possible that a similar disruption of regular Sec insertion into SELENOP takes place in 
patients treated with high AG concentrations in the clinics, especially during applications of AG as therapeutics 
of severe sepsis or modulators of translational termination by supporting stop codon read-through in diseases 
caused by premature stop codons6, 7. This notion is supported by our recent analyses of the Se status in newborns 
with connatal infections, where we found indications that the AG treatment disrupted the linear Se to SELENOP 
ratio, likely due to an increased biosynthesis of Se poor SELENOP variants34.
Selenop biosynthesis by murine Hepa1-6 cells was also sensitive to G418, indicating commonalities of AG 
effects in humans and mice. This is of special interest, as the efficiency of AG-driven translational read-through 
depends among other factors on the base-context of UGA (especially position +4)20, which varies between 
murine and human SELENOP transcripts35. Gentamicin, an antibiotic with more widespread clinical use, espe-
cially in developing countries3, had a weaker but still detectable effect on disrupting Sec insertion into SELENOP 
in vitro. Importantly, the gentamicin used in our study was not a purified compound, but a mixtures of several 
related aminoglycosides. Only a minor component of gentamicin, i.e., gentamicin B1, appears to be primarily 
responsible for inducing translational read-through9. When considering a clinical application of gentamicin for 
treating diseases with nonsense mutations, this minor compound will likely be highly efficient at much smaller 
dosages than currently applied and eliciting fewer side effects. According to our results, it may be meaningful 
to also monitoring the Se status and avoid Se deficiency in such clinical trials, in order to minimize the risk for 
inducing non-functional selenoproteins that may be involved in the oto- and nephro-toxicity observed in treated 
neonates2. This risk might also be of importance in veterinary medicine, where AGs are more widely and inten-
sively used4.
Besides affecting translation and amino acid insertion, AGs may affect the stability of selenoprotein transcripts 
by modulating the degree of nonsense-mediated decay (NMD) and/or the ribosome density downstream of UGA 
Sec codons, which both contribute to the hierarchical expression of essential selenoproteins relative to so-called 
housekeeping selenoproteins36, 37. And indeed, strongly elevated SELENOP and GPX1 mRNA expression was 
observed in response to AG treatment in hepatoma cells, likely indicating an increased translational activity suc-
cessfully competing with NMD of selenoprotein transcripts38. As shown by Western blot analyses, AG treatment 
does not affect the apparent size of newly synthesized SELENOP, i.e., no premature translational termination is 
evident. Further analysis via LC-MS/MS revealed the postulated exchange of Sec by other residues. Interestingly, 
the amino acids inserted in place of Sec varied between the positions SEC3, SEC4 and SEC5, although the critical 
base at +4 was the same for all these Sec codons. While insertion of Cys in place of Sec might be less disrupting 
due to the ability of Cys to form disulfide and selenenyl-sulfide bonds, replacement of Sec with Trp or Arg is 
expected to lead to more severe structural changes, potentially interfering with receptor-mediated uptake.
Still, the discrepancy of the strong effects observed in hepatic cells in culture and the lack of effects in the 
mouse experiment is puzzling. Several factors might have contributed to these findings. a) Western blot analysis 
is not a very quantitative technology and small interfering effects might have gone unnoticed. b) The animals 
were young and healthy, and exposed to AGs for a short period of time only, which is dissimilar to the clinical 
situation. c) Despite being raised on a Se-deficient diet, the remaining Se, still available for selenoprotein bio-
synthesis, might have over-competed the interrupting effects of AGs. d) Much of the antibiotics may be excreted 
in live mice, in contrast to cultured cells or diseased patients, so the effects on selenoprotein expression may be 
less obvious. e) AG are known to accumulate more in kidney than in liver tissue, which is compatible with our 
findings of stronger effects on renal than hepatic Ddit3 transcript concentrations and undetectable effects on 
liver-derived Selenop in healthy animals. It can be speculated that any disrupting effects of AG on selenoprotein 
expression may become more detectable and more relevant in the clinics, where additional noxae like inflamma-
tory cytokines23, hypoxia19 or poor nutrition and limited Se supply36 may synergize in impairing regular seleno-
protein expression. Given that AGs are intensively used in both veterinary and human medicine, a continuation 
of this line of research appears promising, especially in view of the recent finding that human SELENOP contains 
on average only 5.4 Se atoms per SELENOP molecule in human subjects39.
Collectively, our data indicate strong disrupting effects of AGs on the faithful insertion of Sec residues during 
hepatic selenoprotein biosynthesis. Among the selenoproteins tested, SELENOP proved to be particularly sen-
sitive. Depending on the specific UGA codon, Sec may be replaced by Cys, Trp or even Arg, likely affecting the 
structure and function of SELENOP. The resulting Sec-poor SELENOP variants may induce ER stress, lose their 
capacity of transporting Se and might even become immunogenic, promoting autoimmunity. A first evidence for 
SELENOP-specific autoantibodies has recently been reported, in line with previous concerns about a generally 
increased AG-induced autoimmunity40. Also in the situation of severe illness, characterized by low SELENOP 
concentrations, treatment with AGs may further aggravate the situation by interfering with the Se metabolism 
and transport. This may become of specific relevance when patients are treated with AGs over longer periods of 
time, e.g. in cystic fibroses, or when the organism is relatively vulnerable, e.g. adults and children in the intensive 
care units. Respective analyses are urgently needed, as our experiments as well as both animal and clinical studies 
have indicated that supplementation strategies may efficiently overcome pathophysiological symptoms resulting 
from insufficient selenoprotein expression.
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Material and Methods
Cell culture. Human HepG2 and Hep3B hepatoma cells were cultured in DMEM/Ham’s F-12 (Life 
Technologies) medium containing 10% fetal bovine serum (FBS) in a humidified incubator at 37 °C in 5% CO2. 
Murine Hepa1-6 hepatoma cells were grown in DMEM with 10% FBS under the same conditions. To determine 
AG- and Se-effects, cells were grown to confluency in six-well culture dishes, starved in DMEM/Ham’s F-12 
without additives overnight, washed with 1xPBS and incubated with serum-free medium and the respective sup-
plemental AG and/or Se for an additional 48 h. Conditioned medium was removed and stored at −20 °C until 
analysis. Cells were washed and scraped in homogenization buffer (250 mM sucrose, 20 mM HEPES, 1 mM EDTA 
in H2O, pH 7.4) with 0.1% Triton X-100 (Merck, Darmstadt, Germany).
Animal experimentation. Male wild-type C57BL/6 J mice were obtained from Janvier Labs (Le 
Genest-Saint-Isle, France). The animals received humane care in compliance with the Guide for the Care and 
Use of Laboratory Animals as prepared by the German National Academy of Sciences. Animal experimenta-
tion was approved by the local governmental authorities in Berlin (LAGeSo, approval no. G0064/15). The ani-
mals were raised on regular lab chow. Four weeks before treatment, all animals were adapted to a Se-deficient 
diet (<0.08 ppm Se, Ssniff GmbH, Germany). Starting one week before the first injection, the Se-supplemented 
group was supplied with additional Se via the drinking water (0.4 ppm Na2SeO3). Animals were subcutaneously 
injected on two consecutive days with solvent, G418 (25 mg/kg b.w.) or gentamicin (50 mg/kg b.w.), essentially as 
described27. Twenty-four h after the last injection, animals were sacrificed and tissues were prepared, frozen on 
dry ice and stored at −80 °C until analysis.
LC-MS/MS analysis of SELENOP. HepG2 cells were grown to confluency in 125 cm2 cell culture flasks, 
starved for 24 h in serum-free medium and incubated for a further three days in 20 mL of serum-free medium 
containing the respective supplements (Na2SeO3 and/or G418). The conditioned medium was collected, pooled to 
a final volume of 500 mL and SELENOP was isolated by affinity purification. In brief, a SELENOP-specific mon-
oclonal antibody (ICI-immunochemical intelligence GmbH, Berlin, Germany) was coupled to AminoLink Plus 
coupling gel (2 mL bed volume, Pierce Biotechnologies, Inc., Rockford, IL). Coupled antibody-loaded resin was 
incubated with the pooled media overnight, subsequently washed and resin-bound protein was eluted by 50 mM 
citric acid. Isolated SELENOP was prepared for analysis by reduction and alkylation of Cys and Sec residues 
with iodoacetamide. The alkylated protein samples underwent trypsin digestion and were analyzed essentially as 
described earlier33.
Quantitative PCR. For quantitative PCR (qRT-PCR), HepG2 cells were seeded at 0.5 × 106 cells per well 
in a six-well cell culture dish and incubated for 48 h with 100 nM Na2SeO3, G418 or gentamicin. Total RNA 
was extracted using peqGOLD TriFast Reagent (PEQLAB, Erlangen, Germany) and reverse transcribed using 
the iScript™ cDNA Synthesis Kit (BIO-RAD, Munich, Germany). QRT-PCR analyses were performed using the 
iCycler-System (BIO-RAD) and the ABsolute qPCR SYBR Green Fluorescein Mix (Thermo Scientific, Schwerte, 
Germany). Different housekeeping genes were tested for normalization and reliability under the given conditions. 
Finally, 18S rRNA along with the 2−(∆∆ct)-method was used for data evaluation. Primer sequences were as fol-
lows; human SELENOP: 5′-TATGATAGATGTGGCCGTCTTG-3′ and 5′-TGTGATGATGCTCATCATGGTA-3′; 
GPX1: 5′-GGGCAAGGTACTACTTATCGAG-3′ and 5′-TTCAGAATCTCTTCGTTCTTGG-3′; DDIT3: 
5 ′-TGGGGAATGACCACTCTGTT-3 ′  and 5 ′-CTCCTGGAAATGAAGAGGAAGAA-3 ′  and 18S 
rRNA: 5′-TTGACGGAAGGGCACCACCAG-3′ and 5′-GCACCACCACCCACGGAATCG-3′, mouse 
Ddit3: 5′-CGAAGAGGAAGAATCAAAAACT-3′ and 5′-TCCTTCTCCTTCATGCGTTG-3′ and Actb 
5′-TGCTATGTTGCTCTAGACTTCG-3′ and 5′-CACTTCATGATGGAATTGAATG-3′.
Western Blot analysis. For Western blot analysis of conditioned medium, equal volume was mixed with 4x 
sample buffer (200 mM Tris-HCl, pH 7.5; 50% glycerin; 4% SDS; 0.04% bromophenol blue and 125 mM DTT). 
For cell lysates, protein concentrations were quantified by Pierce BCA Protein Assay Kit (Thermo Scientific) and 
equalized to same protein concentration. For mouse serum, samples were 10-fold diluted in 4x sample buffer. 
Samples were incubated for 5 min at 95 °C, cooled down and size fractionated using SDS-PAGE. Proteins were 
transferred to a nitrocellulose membrane by semidry blotting (BIO-RAD). Immunodetection of proteins was 
achieved by specific antibodies and overnight incubation: SELENOP (1:2,500 dilution, ICI, Berlin), Selenop 
(1:1,000 dilution, as described41), GPX1 (1:1,000 dilution, Abcam), GPX2 (1:5,000 dilution, kind gift of Dr. A. 
Kipp, DIfE, Germany) and ACTB-Peroxidase (1:25,000 dilution, Sigma-Aldrich). Quantification was performed 
using ECLTM Western Blotting Detection Reagents (GE Healthcare, UK).
Se-determination. For the determination of the Se-content of SELENOP, 1 mL of conditioned medium 
was transferred to a nitrocellulose membrane via Dot-Blotting (BIO-RAD). Defined punches (4 mm in diame-
ter) were taken and protein was lysed by 20 µL of 60% HNO3 (with added Gallium (Ga)-Standard of 1000 µg/L) 
followed by an incubation at 70 °C for 30 min in a thermocycler. To test whether the immobilized Se origi-
nates from SELENOP, conditioned media from HepG2 cells treated with 100 nM Na2SeO3 was depleted by 
immuno-precipitation (IP) with a SELENOP-antibody coupled resin (1 mL resin in 5 ml conditioned medium, 
incubation overnight at 4 °C). Membrane–bound protein was quantified for its Se content before and after IP. To 
determine Se content of murine serum proteins, 40 µL of serum was diluted with water to a final volume of 200 µL 
and 50 µL trichloroacetic acid (100% w/v) was added. Samples were incubated on ice for 15 min, centrifuged 
(12,000 rpm for 10 min at 4 °C), and the resulting pellet was washed twice with ice-cold acetone. After drying 
at room temperature for 30 min, 40 µL of 30% HNO3 (containing 1000 µg/L Ga as internal standard) was added 
to each pellet and the samples were lysed in a thermocycler at 70 °C for 3 h. The acidic lysates were applied to 
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total-reflection X-ray fluorescence (TXRF) sample holders, and Se was quantified via TXRF (Picofox, Bruker 
Nano). For serum Se analyses, serum was diluted 1:1 with the Ga-standard and measured as described above.
SELENOP quantification by ELISA. After incubation with AGs or 100 nM Na2SeO3 and collecting the 
HepG2-conditioned media, or after recovery from membrane punches, SELENOP concentrations were quanti-
fied by a SELENOP-specific sandwich ELISA (Selenotest®, ICI, Berlin).
Statistical analyses. Statistical analyses were performed using GraphPad Prism v4.0 (GraphPad Software 
Inc., San Diego, USA). Results are presented as mean + SEM. Number of replicates and tests for significance are 
indicated in the figure legends. The significance is assigned if P < 0.05 (*), P < 0.01 (**) or P < 0.001 (***).
References
 1. Poulikakos, P. & Falagas, M. E. Aminoglycoside therapy in infectious diseases. Expert Opin Pharmacother 14, 1585–1597, doi:10.15
17/14656566.2013.806486 (2013).
 2. Kent, A., Turner, M. A., Sharland, M. & Heath, P. T. Aminoglycoside toxicity in neonates: something to worry about? Expert review 
of anti-infective therapy 12, 319–331, doi:10.1586/14787210.2014.878648 (2014).
 3. Obiero, C. W., Seale, A. C. & Berkley, J. A. Empiric treatment of neonatal sepsis in developing countries. Pediatr Infect Dis J 34, 
659–661, doi:10.1097/INF.0000000000000692 (2015).
 4. McGlinchey, T. A., Rafter, P. A., Regan, F. & McMahon, G. P. A review of analytical methods for the determination of aminoglycoside 
and macrolide residues in food matrices. Anal Chim Acta 624, 1–15, doi:10.1016/j.aca.2008.05.054 (2008).
 5. Mankin, A. S. & Liebman, S. W. Baby, don’t stop! Nature genetics 23, 8–10, doi:10.1038/12600 (1999).
 6. Malik, V., Rodino-Klapac, L. R., Viollet, L. & Mendell, J. R. Aminoglycoside-induced mutation suppression (stop codon 
readthrough) as a therapeutic strategy for Duchenne muscular dystrophy. Therapeutic advances in neurological disorders 3, 379–389, 
doi:10.1177/1756285610388693 (2010).
 7. Xue, X. et al. Synthetic aminoglycosides efficiently suppress cystic fibrosis transmembrane conductance regulator nonsense 
mutations and are enhanced by ivacaftor. American journal of respiratory cell and molecular biology 50, 805–816, doi:10.1165/
rcmb.2013-0282OC (2014).
 8. Nagel-Wolfrum, K., Moller, F., Penner, I., Baasov, T. & Wolfrum, U. Targeting Nonsense Mutations in Diseases with Translational 
Read-Through-Inducing Drugs (TRIDs). BioDrugs 30, 49–74, doi:10.1007/s40259-016-0157-6 (2016).
 9. Baradaran-Heravi, A. et al. Gentamicin B1 is a minor gentamicin component with major nonsense mutation suppression activity. 
Proceedings of the National Academy of Sciences of the United States of America 114, 3479–3484, doi:10.1073/pnas.1620982114 
(2017).
 10. Kimura, S. et al. A novel approach to identify Duchenne muscular dystrophy patients for aminoglycoside antibiotics therapy. Brain 
Dev 27, 400–405, doi:10.1016/j.braindev.2004.09.014 (2005).
 11. Labunskyy, V. M., Hatfield, D. L. & Gladyshev, V. N. Selenoproteins: molecular pathways and physiological roles. Physiol Rev 94, 
739–777, doi:10.1152/physrev.00039.2013 (2014).
 12. Handy, D. E. et al. Aminoglycosides decrease glutathione peroxidase-1 activity by interfering with selenocysteine incorporation. The 
Journal of biological chemistry 281, 3382–3388, doi:10.1074/jbc.M511295200 (2006).
 13. Tobe, R. et al. High error rates in selenocysteine insertion in mammalian cells treated with the antibiotic doxycycline, 
chloramphenicol, or geneticin. The Journal of biological chemistry 288, 14709–14715, doi:10.1074/jbc.M112.446666 (2013).
 14. Martitz, J. et al. Factors impacting the aminoglycoside-induced UGA stop codon readthrough in selenoprotein translation. Journal 
of trace elements in medicine and biology: organ of the Society for Minerals and Trace Elements 37, 104–110, doi:10.1016/j.
jtemb.2016.04.010 (2016).
 15. Stoytcheva, Z., Tujebajeva, R. M., Harney, J. W. & Berry, M. J. Efficient incorporation of multiple selenocysteines involves an 
inefficient decoding step serving as a potential translational checkpoint and ribosome bottleneck. Mol Cell Biol 26, 9177–9184, 
doi:10.1128/MCB.00856-06 (2006).
 16. Schomburg, L. et al. Gene disruption discloses role of selenoprotein P in selenium delivery to target tissues. The Biochemical journal 
370, 397–402, doi:10.1042/BJ20021853 (2003).
 17. Hill, K. E. et al. Deletion of selenoprotein P alters distribution of selenium in the mouse. The Journal of biological chemistry 278, 
13640–13646, doi:10.1074/jbc.M300755200 (2003).
 18. Burk, R. F. & Hill, K. E. Regulation of Selenium Metabolism and Transport. Annu Rev Nutr 35, 109–134, doi:10.1146/annurev-
nutr-071714-034250 (2015).
 19. Becker, N. P. et al. Hypoxia reduces and redirects selenoprotein biosynthesis. Metallomics: integrated biometal science 6, 1079–1086, 
doi:10.1039/c4mt00004h (2014).
 20. Martitz, J. et al. Gene-specific regulation of hepatic selenoprotein expression by interleukin-6. Metallomics: integrated biometal 
science 7, 1515–1521, doi:10.1039/c5mt00211g (2015).
 21. Zhao, Y. et al. Selenoprotein P neutralizes lipopolysaccharide and participates in hepatic cell endoplasmic reticulum stress response. 
FEBS Lett 590, 4519–4530, doi:10.1002/1873-3468.12494 (2016).
 22. Oishi, N. et al. XBP1 mitigates aminoglycoside-induced endoplasmic reticulum stress and neuronal cell death. Cell Death Dis 6, 
e1763, doi:10.1038/cddis.2015.108 (2015).
 23. Renko, K. et al. Down-regulation of the hepatic selenoprotein biosynthesis machinery impairs selenium metabolism during the 
acute phase response in mice. FASEB journal: official publication of the Federation of American Societies for Experimental Biology 23, 
1758–1765, doi:10.1096/fj.08-119370 (2009).
 24. Forceville, X. et al. Selenoprotein P, rather than glutathione peroxidase, as a potential marker of septic shock and related syndromes. 
European surgical research. Europaische chirurgische Forschung. Recherches chirurgicales europeennes 43, 338–347, 
doi:10.1159/000239763 (2009).
 25. Hollenbach, B. et al. New assay for the measurement of selenoprotein P as a sepsis biomarker from serum. Journal of trace elements 
in medicine and biology: organ of the Society for Minerals and Trace Elements 22, 24–32, doi:10.1016/j.jtemb.2007.11.003 (2008).
 26. Tao, L. & Segil, N. Early transcriptional response to aminoglycoside antibiotic suggests alternate pathways leading to apoptosis in 
sensory hair cells in the mouse inner ear. Frontiers in cellular neuroscience 9, 190, doi:10.3389/fncel.2015.00190 (2015).
 27. Yang, C. et al. A mouse model for nonsense mutation bypass therapy shows a dramatic multiday response to geneticin. Proceedings 
of the National Academy of Sciences of the United States of America 104, 15394–15399, doi:10.1073/pnas.0610878104 (2007).
 28. Kasaikina, M. V., Hatfield, D. L. & Gladyshev, V. N. Understanding selenoprotein function and regulation through the use of rodent 
models. Bba-Mol Cell Res 1823, 1633–1642, doi:10.1016/j.bbamcr.2012.02.018 (2012).
 29. Schweizer, U., Dehina, N. & Schomburg, L. Disorders of selenium metabolism and selenoprotein function. Curr Opin Pediatr 23, 
429–435, doi:10.1097/MOP.0b013e32834877da (2011).
 30. Conrad, M. Transgenic mouse models for the vital selenoenzymes cytosolic thioredoxin reductase, mitochondrial thioredoxin 
reductase and glutathione peroxidase 4. Biochim Biophys Acta 1790, 1575–1585, doi:10.1016/j.bbagen.2009.05.001 (2009).
www.nature.com/scientificreports/
1 0Scientific RepoRts | 7: 4391  | DOI:10.1038/s41598-017-04586-9
 31. Schomburg, L. & Schweizer, U. Hierarchical regulation of selenoprotein expression and sex-specific effects of selenium. Biochim 
Biophys Acta 1790, 1453–1462, doi:10.1016/j.bbagen.2009.03.015 (2009).
 32. Xu, X. M. et al. Targeted insertion of cysteine by decoding UGA codons with mammalian selenocysteine machinery. Proceedings of 
the National Academy of Sciences of the United States of America 107, 21430–21434, doi:10.1073/pnas.1009947107 (2010).
 33. Turanov, A. A. et al. Regulation of Selenocysteine Content of Human Selenoprotein P by Dietary Selenium and Insertion of Cysteine 
in Place of Selenocysteine. PloS one 10, e0140353, doi:10.1371/journal.pone.0140353 (2015).
 34. Wiehe, L. et al. Selenium status in neonates with connatal infection. The British journal of nutrition 116, 504–513, doi:10.1017/
S0007114516002208 (2016).
 35. Manuvakhova, M., Keeling, K. & Bedwell, D. M. Aminoglycoside antibiotics mediate context-dependent suppression of termination 
codons in a mammalian translation system. Rna 6, 1044–1055 (2000).
 36. Howard, M. T., Carlson, B. A., Anderson, C. B. & Hatfield, D. L. Translational redefinition of UGA codons is regulated by selenium 
availability. The Journal of biological chemistry 288, 19401–19413, doi:10.1074/jbc.M113.481051 (2013).
 37. Zupanic, A., Meplan, C., Huguenin, G. V., Hesketh, J. E. & Shanley, D. P. Modeling and gene knockdown to assess the contribution 
of nonsense-mediated decay, premature termination, and selenocysteine insertion to the selenoprotein hierarchy. Rna 22, 
1076–1084, doi:10.1261/rna.055749.115 (2016).
 38. Seyedali, A. & Berry, M. J. Nonsense-mediated decay factors are involved in the regulation of selenoprotein mRNA levels during 
selenium deficiency. Rna-a Publication of the Rna Society 20, 1248–1256, doi:10.1261/rna.043463.113 (2014).
 39. Hybsier, S. et al. Sex-specific and inter-individual differences in biomarkers of selenium status identified by a calibrated ELISA for 
selenoprotein P. Redox Biol. 403–414, doi:10.1016/j.redox.2016.12.025 (2017).
 40. Goodenough, E. et al. Cryptic MHC class I-binding peptides are revealed by aminoglycoside-induced stop codon read-through into 
the 3′ UTR. Proceedings of the National Academy of Sciences of the United States of America 111, 5670–5675, doi:10.1073/
pnas.1402670111 (2014).
 41. Renko, K. et al. Hepatic selenoprotein P (SePP) expression restores selenium transport and prevents infertility and motor-
incoordination in Sepp-knockout mice. The Biochemical journal 409, 741–749, doi:10.1042/BJ20071172 (2008).
Acknowledgements
We thank Vartiter Seher and Kristin Fischer for excellent technical assistance. The research was supported by the 
Deutsche Forschungsgemeinschaft DFG Grant RE3038/1-1 (to K.R.), DFG Grant Scho849/4-1 (to L.S.), NIH 
grants GM061603 and GM065204 (to V.N.G.) and an Elsa-Neumann stipend from the city of Berlin (to J.M.).
Author Contributions
K.R., J.M., V.N.G. and L.S. conceived and designed the research; K.R., J.M., S.H., B.H., L.V., R.A.E., S.P.G., M.S., 
M.W. performed the experiments; K.R., J.M., S.H. V.N.G. and L.S. analyzed the data; all authors contributed to 
writing and revising the manuscript.
Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
